Abbreviations
=============

PCH

:   pericentromeric heterochromatin

PNH

:   perinucleolar heterochromatin

PH

:   peripheral heterochromatin

NOR

:   nucleolar organizing region

FISH

:   fluorescence in situ hybridization

LAD

:   lamina associated domain

DamID

:   Dam identification

Chr

:   chromosome

EU

:   5-Ethynyl uridine

Introduction {#s0001}
============

Over 150 years of microscopy studies have revealed that the eukaryotic nucleus is morphologically compartmentalized. The description of common intranuclear structures, like nucleoli, has suggested that this compartmentalization is functional. Current research now focuses on elucidating the interplay between structure and function within the nucleus. Proteins specific to particular nuclear processes (e.g. transcription, replication) cluster and form distinct subcompartments, and by extension the genome is equally segregated according to its chromatin state and thus its functional status.[@cit0001] At its most basic level, genomic DNA can be divided into euchromatin and heterochromatin, which form distinct compartments in the interphase nucleus that are easily visualized with a nucleic acid counterstain.[@cit0005] Heterochromatin consists of highly compacted chromatin that is marked by repressive histone modifications and largely devoid of genic transcription. It is principally concentrated in large clusters of pericentromeric heterochromatin (PCH), around the nuclear periphery and surrounding nucleoli (perinucleolar heterochromatin, PNH).[@cit0007] Euchromatin, the lighter staining component, contains decondensed DNA, is transcriptionally active and marked by activating histone modifications. Consistent with this, HiC analysis of the 3-dimensional organization of the human genome revealed that it is compartmentalized into 2 largely self-associating components.[@cit0008] Compartment 'A' was defined by gene rich open chromatin with high DNAse accessibility, mostly activating epigenetic marks and high transcriptional activity, while compartment 'B' was best described as consisting of closed chromatin. Compartment A thus bears all the hallmarks of euchromatin, while B encompasses the bulk of heterochromatin. A subsequent study revealed that the linear profile of these 2 compartments along all chromosomes closely follows that of replication timing.[@cit0009] Given that the genome does not replicate synchronously during S phase, but in coordinate clusters of early and late segments that replicate separately within the nucleus,[@cit0010] this correlation further supports the notion that the genome is physically and functionally compartmentalized.

Heterochromatin replicates late during S phase of the cell cycle and predominantly at the nuclear periphery, whereas euchromatin does so early and within the nucleoplasm. However, it is unclear whether a relatively small early replication domain can affect its localization when embedded in a larger late replicating domain (and vice versa). It is also unclear whether late replicating domains on small chromosomes contact the periphery, as small chromosomes localize more to the nuclear center. We therefore sought to analyze the localization of the late replicating component of the genome in more detail, in particular vis-à-vis the nuclear periphery, and to compare it to early replicating regions in a well characterized human lymphocyte cell line. Investigating the nuclear positioning of numerous loci on several chromosomes, both large and small, we sought to determine the prevalence of the peripheral localization of late replicating chromatin. We found that while late replicating loci have a strong tendency to localize to the periphery, especially on large chromosomes, this correlation breaks down with decreasing chromosomal size. A comprehensive analysis of the peripheral nuclear subcompartment by DamID revealed a strong correlation between replication timing and peripheral association on a genomic level, but again less so for the smaller chromosomes, some of which do not appear to associate with the periphery at all. Instead we found that late replicating regions that fail to localize to the periphery tend to associate with nucleoplasmic repressive subcompartments such as PNH and PCH. Moreover, late replicating loci can localize to more than one of these subcompartments simultaneously when they are adjacent to each other. Intriguingly, disruption of nucleolar integrity results in an increased association of late replicating chromatin with the nuclear periphery, suggesting the possibility of functional redundancy between these repressive subcompartments.

Results {#s0002}
=======

Late replicating DNA on large chromosomes localizes to the periphery {#s0002-0001}
--------------------------------------------------------------------

We analyzed the localization of early and late replicating chromatin regions in GM06990 (GM) cells, as this human lymphoblastoid cell line is well characterized and comprehensive genome-wide data sets on replication timing, Hi-C and multiple chromatin marks are available. Initially we selected a set of Bacterial artificial chromosome probes (BACs) sampling 14 early and 15 late replicating loci on chromosomes of large (chr3, 4), intermediate (chr14, 17) and small (chr21, 22) size (for examples, see [**Figure 1A**](#f0001){ref-type="fig"}; for exact locations and identities of all BACs used see supplemental materials). Using 3D fluorescence in situ hybridization (FISH) we determined the localization of these regions in interphase nuclei of GM cells relative to the nuclear periphery, which was marked fluorescently with an antibody against Lamin B1. [**Figure 1B**](#f0001){ref-type="fig"} illustrates examples of the localization of the 2 alleles of an early and a late replicating region as intranuclear and peripheral, respectively. Collectively the results for all analyzed loci demonstrate that early replicating parts of the genome do not tend to reside at the nuclear periphery ([**Fig. 1C**](#f0001){ref-type="fig"}), as the association rates generally remained below 40% (3--37%), with only one outlier (discussed below). The exact replication time itself did not appear to be a significant determinant of localization, as long as it was classified as 'early' (for corresponding replication timing values, see Supplemental **Table 1**). By contrast, results for the late replicating regions showed a wider range for association with the periphery with a few loci remaining predominantly intranuclear (\<20 % association) and others approaching an association close to 100%. When plotting the data as peripheral association versus the size of the chromosome harboring the test region, a clear trend between localization and chromosome size became apparent ([**Fig. 1D**](#f0001){ref-type="fig"}). Late replicating chromatin on large chromosomes (e,g, chr3 and chr4 at close to 200Mb in size) was predominantly peripheral: however, with decreasing chromosome size the association declined. On intermediate sized chromosomes (chr14 and 17), late chromatin exhibited a mixed localization, while on small chromosomes (chr21, 22) it was increasingly found away from the periphery. Again the exact replication timing value of the test regions did not appear to correlate with the degree of peripheral association (as long as it was late), but it is of note that the loci on chr22 were significantly more intranuclear than those on chr21 (\<20% vs 30--55%, see supplemental data for the identities). It is likely that chromosome 22 is generally located more centrally within the nucleus, as it harbors almost twice as many genes as chr21 (despite their comparable size) and also replicates much earlier - its mapped region has a considerably higher averaged replication timing value (0.722 vs −0.013). Even so, although the late replicating regions on chr22 did not exhibit a pronounced peripheral localization, the early replicating tested loci were still consistently less frequently associated with the periphery, in line with the general trend of early chromatin localizing more centrally within the nucleus. Overall, the trend of a lower association of late replicating regions with the nuclear periphery with decreasing chromosome size confirms results described for general chromosome positioning in human fibroblast nuclei.[@cit0014] Figure 1.Late replicating chromatin on large chromosomes resides at the nuclear periphery. (**A**) Replication timing profile of a large (Chr4), intermediate (Chr14) and small (Chr21) chromosome in GM06990 lymphoblastioid cells (adapted from replicationdomain.org, visualized on <http://genome.ucsc.edu>; E = early, L = late replicating regions). Gaps mark centromere locations or unmapped NOR repeat regions. Above the tracks blue (=early) and red (=late) bars indicate the positions of BAC FISH probes used in the analysis. (**B**) FISH images illustrating the localization of an early (left 2 panels) and late (right 2 panels) replicating region. Each pair of images represents a single z-section through the nucleus showing one of the alleles. (**C**) Localization of early and late regions sampled from 6 chromosomes vis-à-vis the nuclear periphery. Early replicating loci exhibit lower peripheral association than late replicating loci (percentage of alleles contacting the lamina; Tukey boxplot). (**D**) Peripheral localization of early and late replicating loci as a measure of the size of the chromosome the probes are located on. Data is the same as in C. The exponential best fit curve illustrates the correlation between chromosome size and peripheral localization of late replicating loci.

Finally, while the exact replication timing of both early and late test regions did not appear to exert a strong influence on positioning, the size of the replication domains may be quite significant. Two regions tested on chr21 were in early replication domains smaller than ∼1.2 Mb and surrounded by large late replicating regions. They exhibited peripheral localization for close to 30% of their alleles, whereas 2 other regions, located in considerably larger early domains, localized to the periphery at less than half that frequency (see **supplemental Figure 1**). Hence the larger the replication domain, the more consistent its localization. This appears to hold true also for large chromosomes, which show the greatest disparity between peripheral association of early and late replicating chromatin. While most early regions on chr3 and chr4 were peripheral fewer than 40% of the time, one test region on chr3 near the end of the q arm localized to the periphery at a frequency of 60%, significantly higher than all others and despite a high positive replication timing value. However, this early replicating domain encompasses roughly only 1.5 Mb, suggesting it may still be susceptible to the effects of adjacent late replicating chromatin. In summary, while late replicating loci tend to be peripheral, the sizes of their replication domain and of the chromosome they reside on also contribute to the strength of the correlation of their localization.

Late replicating DNA is not exclusively targeted to the nuclear periphery {#s0002-0002}
-------------------------------------------------------------------------

Our microscopy results suggest that some late replicating regions do not consistently associate with the periphery, in particular on the smaller chromosomes. However, FISH analyses are inherently limited in scope. Thus to determine the correlation between peripheral localization and replication timing across the genome, we performed DamID chromatin profiling experiments via the expression of human LaminB1 fused to the bacterial Dam methylase.[@cit0015] Lamina associated chromatin was identified by hybridizing the isolated LaminB1-Dam methylated DNA to whole genome CGH microarrays ([**Fig. 2**](#f0002){ref-type="fig"}). We queried the DamID data for large contiguous domains marked by sharp LaminB1 binding boundaries[@cit0016] and established that GM cells have 1297 Lamina Associated Domains (LADs), averaging 870 kb in size (LAD track in [**Fig. 2**](#f0002){ref-type="fig"}). Both the number and average size is comparable to that described for LADs in human fibroblast cells,[@cit0016] however, their identities do exhibit some significant differences (see tracks in Supplemental **Fig. 4**). About 1.5 Gb of the genome is not covered by LADs in either cell type, 684 Mb are covered in both and 448 Mb are unique LADs to GM cells, and another ∼456 Mb are unique to fibroblasts. Nonetheless, the total fraction of the genome covered by LADs thus remains constant at almost 37% between the 2 tissues, 39--40% of which is specific to each cell type (**Supplemental Fig. 4**). Figure 2.Genome association with the nuclear lamina in human lymphoblastoid cells by DamID. (**A**) Map of LaminB1 interactions with chromosome 3 (orange = enrichment, blue = depletion), above the replication timing profile (RT) of chromosome 3 (E = early, L = late). The LADs track in the center shows contiguous segments of prominent lamina association. DamID maps of chromosome 21 (**B**) and 22 (**C**) associations with LaminB1 above their respective replication timing profiles.

On a genomic level, our results also reveal a high correlation between the lamina association and replication timing in the GM lymphoblastoid cell line (global correlation coefficient of 0.66) and ∼84% of the LADs fall within late replicating chromatin. In particular for the large chromosomes, the DamID profile follows that of replication timing exceedingly well ([**Fig. 2A**](#f0002){ref-type="fig"}, **Supplemental Fig. 2**), with only minor exceptions. Most differences arise within large genome segments contiguous for either LaminB1 depletion or enrichment that contain short late or early replicating regions, respectively (**Supplemental Fig. 3**). The localization of large multi-Mb replication domains may simply be dominant over any small intervening domain of opposite replication timing. Importantly, the DamID data is consistent with our microscopy assays in which a high colocalization frequency of genomic loci with the lamina observed by FISH translates to high LaminB1-Dam association, particularly on the large chromosomes.

On several of the smallest chromosomes, the Lamin-chromatin profile does not follow the replication timing data, and, to some extent, the FISH data. While on chr21 most tested regions exhibit LaminB1 association if late replicating and none if early, 2 late regions toward the 3′ end of the chromosome fail to show LaminB1 association ([**Fig. 2B**](#f0002){ref-type="fig"}). In fact, the final 15.7 Mb of the chr21 q arm fail to exhibit any association with the periphery, despite the presence of at least 2 late replicating domains (to a total of 4.6 Mb) within that segment. However, given that these domains are comparatively small relative to the remainder of the chromosome arm, the long stretches of early replicating chromatin appear to be dominant for nuclear localization, as discussed above. Chr22 does not reveal any significant peripheral association by DamID, as this small chromosome likely locates primarily to the nuclear interior and is largely early replicating ([**Fig. 2C**](#f0002){ref-type="fig"}). Chr19, on the other hand, does contain 17.3 Mb of late replicating chromatin in GM cells, almost 10 Mb of which in one large domain (**Supplemental Fig. 2**). However, the DamID analysis does not reveal significant association with the nuclear lamina over the entire length of the chromosome, suggesting chr19 also resides in the nuclear interior in lymphocytes, consistent with a previous report.[@cit0017] It has been proposed that its interior localization is a consequence of its high gene content (compared to chr18, which is peripheral and relatively gene poor), suggesting its late replicating regions may thus localize to alternate repressive subcompartments. However, not all small chromosomes localize to the nuclear center, as the DamID results reveal significant association of chr20 with the periphery, consistent with its replication timing profile, (**Supplemental Fig. 2**). Overall the genome wide lamina-chromatin profile confirms our microscopy analysis and demonstrates that the bulk of the late replicating lymphoid genome is in contact with the nuclear periphery. Furthermore, the data also reemphasizes that the positioning of small late replication domains may be context dependent, and that some entire small chromosomes remain predominantly in the nuclear interior, raising the question of to which subcompartment their late replicating chromatin localizes.

Late replicating chromatin localizes to multiple repressive subcompartments {#s0002-0003}
---------------------------------------------------------------------------

The bulk of the late replicating DNA has been described to localize to the nuclear periphery forming the peripheral heterochromatin (PH), and our DamID data corroborates this for a majority of late replicating DNA. However, late replicating chromatin has also been observed in the interior nucleoplasm (our DamID data reveals that in lymphocytes 42% of late chromatin is not peripheral), where it presumably still resides in repressive subcompartments. We sought to identify and determine the localization of these intranuclear late repressive subcompartments. Late replicating pericentric heterochromatin (PCH) is not exclusively peripheral in many human tissue types, as is easily observed by the intensely DAPI staining regions within the nucleus. In addition, late replicating DNA has also been observed as part of the perinucleolar heterochromatin (PNH). Several of the late replicating loci we tested by FISH were found in the nuclear interior, in particular with increasing frequency on the smaller chromosomes, and our Lamin-chromatin profile similarly revealed large regions of late replicating DNA devoid of peripheral contact on the smaller chromosomes. We therefore investigated whether these late regions colocalize with the distinctly recognizable PCH and PNH subcompartments instead of PH. By multicolor ImmunoFISH we were able to visualize test loci simultaneously with the nuclear lamina (LaminB1 antibody), as well as PCH (a pan-centromeric FISH probe) and PNH (nucleolin antibody, marking nucleoli) (**Supplemental Fig. 5**). Using this approach, we determined the frequency with which late replicating loci localize to any of these 3 prevalent repressive subcompartments in any given cell. Test regions included late replicating regions on chr17, 21 and 22, as well as a pair of early replicating controls on chr17 and 21. This ImmunoFISH analysis revealed: (a) While all tested late loci exhibited peripheral localization for less than 50% of all alleles, inclusion of the other repressive subcompartments resulted in an increase in localization to a repressive subcompartment to 73%--97% ([**Fig. 3A**](#f0003){ref-type="fig"}, **Supplemental Table 2**). (b) In contrast to loci on large chromosomes, late replicating chromatin on smaller chromosomes did not show a clear preference to localizing to any particular repressive subcompartment, but appeared to be distributed among them (**Supplemental Table 2**). (c) Late replicating loci can colocalize with more than one repressive subcompartment at the same time (examples shown in [**Figure 3B**](#f0003){ref-type="fig"}, **Supplemental F. 5**), a feature that is most prominent for PNH and PCH as they are often adjacent. Figure 3.Late replicating loci associate with 3 repressive nuclear subcompartments. (**A**) The localization of several early and late replicating loci was determined simultaneously vis-à-vis the nuclear periphery (PH = peripheral heterochromatin), pericentromeric heterochromatin (PCH) and perinucleolar heterochromatin (PNH) by multicolor ImmunoFISH. Percent association of the loci to any of the 3 repressive subcompartments collectively (black) is significantly higher than association only with the PH compartment (blue). BAC probe identities: Chr17 A = RP11-142B17, B = RP11-42M14, Chr21 A = CTD-2059E17, B = RP11-315H16, C = CTD-2207L7, Chr22 = RP11-79G21. (B) Late loci in particular can localize to more than one repressive compartment at once. Venn diagrams show the association of two late and one early replicating region with the PH, PCH and PNH compartments. Early loci associate primarily with only one compartment. The size of the ellipses and their overlap is proportional to the percent association of a given locus with each compartment. BAC probe identities: Late Chr22 = RP11-79G21, Late Chr21 = RP11-315H16, Early Chr17 = RP11-142B17.

Early replicating loci also localize to PCH and PNH, albeit at a much lower frequency (reflected by the proportionally smaller ellipses in [**Fig. 3B**](#f0003){ref-type="fig"}), and their overall association with repressive subcompartments does not surpass 50% (**Supplemental Table 2**). Moreover, the early replicating loci usually do not contact more than one repressive subcompartment at a time. However, one BAC probe on chr21 showed an association with repressive subcompartments 50% of the time, and chr21 contains a nucleolar organizing region (NOR) on its p-arm. The highest association of this BAC is also with PNH, raising the question whether the presence of NORs skews the localization of chromatin on these chromosomes (chr13, 14, 15, 21, 22) toward PNH due to their linear proximity on the chromosome. Thus we tested whether NORs affect chromatin localization in *cis* by examining the positioning of both early and late replicating regions on non-NOR containing small chromosomes, chr19 and chr20. Our results show that the tested late replicating regions on these chromosomes associate with all 3 repressive subcompartments at a higher frequency than the early replicating ones (**Supplemental Fig. 6**). Consistent with the Lamin-chromatin profile, loci on chr19 exhibited low association with the periphery, but more so with PNH and PCH (**Supplemental Table 3**). While the late replicating regions localized to PNH at a lower frequency than on NOR containing chromosomes, it contributed significantly to the total association with repressive subcompartments (10--20% of late replicating alleles localized exclusively to PNH, while another fraction colocalized with PNH as well as the lamina or PCH; not shown). The data thus show that late replicating loci frequently reside at PNH even on non-NOR containing chromosomes, suggesting this is a common heterochromatin compartment. Importantly, since late replicating chromatin appears to associate interchangeably between at least 3 repressive nuclear subcompartments, we suggest that these subcompartments be considered collectively when analyzing the localization of the late replicating genome.

Redundancy between repressive subcompartments {#s0002-0004}
---------------------------------------------

As several of the analyzed late replicating loci localize with a high frequency to all 3 repressive subcompartments, we hypothesized that these subcompartments may be functionally redundant. To test this hypothesis, we determined whether the removal of one subcompartment alters the association of chromatin regions with the other subcompartments. We treated GM cells with actinomycin D, which at low concentrations selectively inhibits RNA polymerase I and leads to the functional disruption of nucleoli.[@cit0018] RNA polymerase II transcription remained active, as judged by nuclear EU incorporation in immunofluorescence assays (**Supplemental Fig. 7**). In addition, we performed qPCR controls on select annotated transcripts at test loci to ensure that the actinomycin D treatment did not alter expression at the analyzed regions by testing for changes in transcript levels in the nuclear RNA before and after actinomycin D treatment. Compared to GAPDH and actin controls, very few of the late replicating regions analyzed exhibited significant expression to begin with, and none of them were significantly upregulated after the treatment (**Supplemental Fig. 8**). The majority gave no reliable PCR product, indicating that the genes were (and remained) silent, consistent with their association with a repressive nuclear subcompartment. Thus exposing the cells to this concentration of actinomycin D did not change the activity state of the regions analyzed.

The localization of 4 previously analyzed loci (one each on chr20 and chr22, 2 on chr21) with respect to PH, PNH and PCH was simultaneously determined by ImmunoFISH in normal and actinomycin D treated GM cells. As expected, the association of all 4 loci with nucleoli was drastically reduced by up to 80% ([**Fig. 4A**](#f0004){ref-type="fig"}, **Supplemental Table 4A**), and a large proportion of the nucleolin marker dispersed following actinomycin D treatment. While localization to PCH did not change significantly after treatment, the most striking and consistent finding is that for each tested region the association with the nuclear lamina increased by ∼10 percent ([**Fig. 4B, C**](#f0004){ref-type="fig"}). Although the overall association with the repressive compartment decreased on average by a similar amount ([**Fig. 4D**](#f0004){ref-type="fig"}), the loss of nucleolar association far exceeds that (60--80%). Even if many alleles colocalized with more than one repressive subcompartment in the control cells, between 15--26% of alleles colocalized exclusively with PNH (this decreased to less than 3% in the treated cells). Thus the majority of the late replicating loci are sequestered at the PH and PCH subcompartments following the functional disruption of the nucleolar subcompartment. Fitting our data to a mixed effects model confirms that the increase in peripheral localization is statistically highly significant (*p* \< 0.001; see Methods). Importantly, early replicating regions did not show an alteration in PH association following nucleolar disruption, nor did a late replicating region that is predominantly associated with the lamina to begin with (\>90 % frequency), supporting the specificity of the effect (**Supplemental Table 4**). Thus our results suggest a degree of functional equivalence or redundancy among different heterochromatic repressive subcompartments. In essence, many late replicating and silent chromatin regions localize seemingly interchangeably to multiple repressive nuclear subcompartments, and when one such subcompartment is disrupted, it may be replaced by association with an alternate repressive subcompartment. Figure 4.Repressive nuclear subcompartments exhibit redundancy. The positioning of a total of 4 different late replicating loci located on 3 different chromosomes vis-à-vis the PNH (**A**), PCH (**B**) and PH (**C**) subcompartments as well as their association to all 3 compartments collectively (**D**) (percent association) was assessed prior to and after 2 hours of actinomycin D treatment. Localization to repressive subcompartments overall is largely maintained, even after the disruption of nucleoli. Full color bars = prior to treatment; lighter shade bars = post actinomycin D treatment.

Discussion {#s0003}
==========

Our extensive FISH analysis of loci on multiple chromosomes in a human lymphoblastoid background revealed that while replication timing is a good predictor of nuclear localization (internal vs peripheral), chromosome size proved to be a second parameter significantly influencing localization. On large chromosomes, late replicating regions were predominantly located at the nuclear periphery, a correlation that became less prevalent with decreasing chromosome size ([**Fig. 2D**](#f0002){ref-type="fig"}). This observation is consistent with the reported positioning of chromosomes in human fibroblasts,[@cit0014] with large chromosomes localizing to the nuclear periphery while small chromosomes cluster in the nuclear interior. Due to the closer proximity to the periphery, early replicating regions on large chromosomes colocalize with the lamina more frequently than those on small chromosomes as well, although the association still remains far below that of late replicating chromatin. Notably even on small chromosomes of similar size, the association of late replicating loci with the periphery is not equal. Unlike the localization of chromosomes in fibroblasts, in the more spherical lymphocyte cells gene density also influences chromosome positioning.[@cit0017] This behavior is reflected by the peripheral association of late replicating loci on the similarly sized chromosome pairs chr19 and chr20 (59, 64 Mb), and chr21 and chr22 (47, 51 Mb). In both cases the loci on the gene poorer chromosome (chr20 and chr21) associated 2--3 times more frequently with the lamina than on those on the gene denser chromosome (chr19 and chr22), suggesting a generally more peripheral localization of the whole chromosome.

At the genomic level, our LaminB1-DamID analysis confirms our FISH data, and nuclear lamina association correlates very well with replication timing (see [**Fig. 2A**](#f0002){ref-type="fig"}, **Supplemental Fig. 2**). While just over half of the genome is in late replicating clusters in this lymphocyte background, about 36% resides in LADs at the nuclear periphery. The actual association with the lamina may be a few percentage points higher, because the algorithm that classifies LADs can miss some regions that contact LaminB1 but do not exhibit a sharp enough transition in the hybridization signal. A full 80% of the LADs overlap with late replicating regions (32% of the genome), the remainder represent largely transition regions where the LADs extend beyond late domains, rather than covering distinct early replicating regions. Again the DamID profile mirrors replication timing best on large chromosomes whereas some of the smaller chromosomes, in particular chr19 and 22, exhibit very little association with the lamina (as they did in the FISH analysis) despite the presence of several late replicating chromatin domains. This behavior likely reflects the predominantly intranuclear localization of the whole chromosomes 19 and 22. In fact, as a measure of correlation between peripheral localization and replication timing, by statistical analysis the overlap between the DamID data and replication timing is significantly greater than by chance (*p* \< 0.05) for all chromosomes with the exception of those 2. Ultimately almost 17% of the lymphocyte genome is late replicating but not localized at the periphery; some of which results from relatively short late domains lying in between larger early replicating domains (**Supplemental Fig. 3**), as well as the interior localization of whole small chromosomes.

Despite the lack of association of some late replicating domains with the nuclear periphery, such domains likely still reside in a repressive subcompartment. Two prominent and often intranuclear subcompartments are obvious candidates -- PCH and PNH, both of which have been shown previously to harbor late replicating chromatin, as measured by pulse labeling experiments.[@cit0011] PCH forms brightly staining constitutive heterochromatic foci (also known as chromocenters) in interphase nuclei and consists of centromeric and pericentromeric repetitive DNA that does not exhibit much genic transcription and is thus expected to be late replicating. BrdU pulse labeling experiments have shown significant overlap between PCH and late replicating intranuclear foci.[@cit0011] In addition, repressed transposable elements and genes have been shown to associate and cluster with PCH.[@cit0024] PNH is similarly easily visible by DAPI staining, as it forms a clear heterochromatic rim around nucleoli. In addition to containing the active and inactive rDNA repeats, nucleoli also associate with numerous specific sequences, including satellite repeats, zinc finger proteins, olfactory receptor genes, as well as members of the defensin and Ig gene families.[@cit0027] These identified nucleolar-associated regions encompassed about 4% of the genome and strongly correlate with low gene density and general transcriptional repression in the tissues examined. Moreover, due to the linear proximity of centromeres to NORs, PCH often colocalizes with PNH.[@cit0028]

Our ImmunoFISH analysis of late replicating loci on small chromosomes (chr19, 20, 21 and 22) simultaneously with the 3 repressive subcompartments of PH, PCH and PNH clearly shows that even on chromosomes 19 and 22, which exhibit very little peripheral localization, the late loci largely remain associated with a repressive subcompartment ([**Fig. 3**](#f0003){ref-type="fig"}, **Supplemental Tables 2, 3**). Colocalization of these late regions with PCH and nucleoli therefore appears to account for the internal positioning of the DamID negative chromatin and highlights the importance of considering multiple repressive subcompartments simultaneously for visualizing late replicating chromatin. The assay also offers 2 additional important insights - that late replicating loci may associate with more than one repressive subcompartment simultaneously (most commonly PCH and PNH), and that with the exception of those on large chromosomes which tend to be peripheral, they often do not appear to exhibit preferential localization to any of the 3 repressive subcompartments. This raises the question of functional equivalence among the 3 subcompartments and whether they can compensate for each other. Disrupting nucleoli by inhibiting RNA pol I with actinomycin D suggests that this is indeed the case; for all analyzed late loci the association with the lamina increased, which is particularly notable given the short duration of the treatment. Given the limited mobility of chromatin in higher eukaryotes during interphase,[@cit0033] it is possible that relocalized loci were not far from the nuclear periphery to begin with, however, the net increase in peripheral localization is highly significant statistically and reproducible. Moreover, initially 15--27% of loci were exclusively localizing to PNH (**Supplemental Table 4**), a far greater proportion than post treatment or the loss in total repression as measured by association with any of the 3 subcompartments. On the other hand, an increase in PCH localization was not detected, which may in part be because many PNH associated loci were already contacting PCH beforehand. The possible equivalence of repressive subcompartments has also been suggested recently by the results of live cell assays. For example, labeled nucleolar chromatin has been shown to localize to either PH or PNH following mitosis, and localization of labeled LADs to either the periphery or nucleoli in the next cell cycle was shown to be stochastic and thus interchangeable.[@cit0027]

The relationship between the 3 repressive subcompartments and gene loci associated with them is summarized in [**Figure 5**](#f0005){ref-type="fig"}, illustrating that repressed loci can reside at either PNH or PH and apparently relocalize between them. This may happen to a limited extent during G1, for example upon the functional disruption of nucleoli, but also upon nucleolar reformation and chromosomal decondensation following mitosis. It remains to be determined whether repressed chromatin also shuttles between PCH and the other 2 repressive subcompartments, however, as several of the loci examined in this study localized extensively to all 3 subcompartments, this is highly likely. Ultimately the 3 repressive subcompartments, though morphologically distinct, may simply provide a uniform compartment for late replicating chromatin and should functionally be considered as a whole. Localization to any of the discernible subtypes may thus largely be dictated by chromosome placement within the nucleus (based on size and gene density, depending on cell type), as well as linear proximity of a chromatin domain to centromeres and NORs on a given chromosome. Figure 5.The late replicating genome localizes predominantly to 3 main repressive nuclear subcompartments: the nuclear periphery (PH, blue nuclear outline), pericentric heterochromatin (PCH, red) and perinucleolar heterochromatin (PNH, green). Our results suggest that a given late replicating region (yellow dots), particularly on small chromosomes, can associate with any (and multiple) of these subcompartments and relocalize from PNH to PH upon the loss of nucleoli (see arrow with check mark). While our results do not address the possibility of shuttling between the PCH and PH or PNH and PCH subcompartments (bidirectional arrows with question marks), work from other groups also suggest that localization between PH and PNH is interchangeable from one cell cycle to the next.

Materials and Methods {#s0004}
=====================

Cell lines and culture {#s0004-0001}
----------------------

GM06990 lymphoblastoid cells were mainained in RPMI 1640 (Life Technologies; 11875093) supplemented with 15% fetal bovine serum (Thermo Scientific; SH40007-13), 2mM [L]{.smallcaps}-Glutamine (Life Technologies; 25030-081) and Pen Strep (Life Technologies; 15140-122) at 37 C in 5% CO2. To avoid the onset of aneuploidy, cultures were generally exchanged for a fresh thaw every 4-6 weeks. For the actinomycin D treatment, cells were incubated for 2 hrs with 200 ng/ml actinomycin D (BioVision; 1036-50) and then harvested, washed in PBS and deposited on polylysine coated slides for fixation.

3D ImmunoFISH {#s0004-0002}
-------------

3D ImmunoFISH was performed essentially as described.[@cit0020] Genomic regions were detected with nick translated BAC probes (for a complete list of BACs used and their genomic coordinates see **Supplemental** **Table 5**); about 100 ng of DIG- or biotin- or DNP-labeled probe (Roche; 11093088910, Roche; 11093070910, Perkin Elmer; NEL551001EA) and 10ug of human Cot-1 competitor DNA (Life Technologies; 15279-011) were used per hybridization. PCH was detected with directly labeled (FITC or Cy3) human pan-centromeric probe from Cambio (1695-F-02, 1695-C-02). BAC FISH spots were visualized with a FITC-conjugated monoclonal antibody to DIG (Sigma-Aldrich; F3523), fluorescently labeled streptavidin (Life Technologies; S-11223 or S-32356), or an Alexa-488-conjugated rabbit antibody to DNP (Life Technologies; A-11097). The lamina was detected using a goat anti-Lamin B1 antibody (Santa Cruz Biotechnology; sc6216) and a donkey Cy3 or Alexa-647 conjugated anti-goat antibody (Jackson ImmunoResearch; 705-166-147, Life Technologies; A-21447). Nucleoli were marked with a polyclonal rabbit antibody to nucleolin (Abcam; ab22758), which was detected either with a goat anti-rabbit secondary antibody conjugated with Alexa-405 (Life Technologies; A-31556) or a donkey anti-rabbit secondary antibody conjugated with Cy3 (Jackson ImmunoResearch; 711-166-152). While the majority of nucleolin became dispersed within the nucleoplasm following actinomycin D treatment, a sufficient amount remained within nucleoli to continue to demarcate them adequately using this marker.

DamID {#s0004-0003}
-----

DamID experiments with a LaminB1-Dam construct were performed essentially as described by Vogel et al.[@cit0036] Human LaminB1 (NM_005573.3) was cloned into the pLgw RFC1-V5-EcoDam vector (kindly provided by Bas van Steensel) via the Gateway system (Life Technolgies). Following verification of the correct localization of the transgene, the recovered and amplified Dam-methylated DNA was hybridized to a high density microarray covering the entire human genome with an average probe spacing of about 1100 bp (NimbleGen Human CGH 2.1M Whole-Genome Tiling v2.0D Array, Roche; 05541921001). In total, data from 6 replicate experiments was collected, including a dye swap. The data was normalized and LADs determined according to published protocols,[@cit0016] loaded into a genome browser and lifted onto the human genome build hg19.[@cit0037]

Image acquisition and analysis {#s0005}
------------------------------

Image stacks of GM06990 cells were captured on an Olympus IX71 microscope (Olympus 100X/1.40, UPLS Apo objective) equipped with a cooled CCD camera and subsequently deconvolved using Deltavision SoftWorx software (Applied Precision). 3D colocalization analysis of the BAC signals with the lamina, PCH, and nucleoli was also performed using SoftWorx: FISH spots were judged to contact a subcompartment if at least several pixels in one plane overlapped with the stain for the respective subcompartment. Over 100 alleles and at least 2 independent hybridizations were scored for each BAC and condition.

Statistical analysis {#s0006}
--------------------

We modeled the fraction of alleles that localized in the PNH, PCH, and PH subcompartment and was totally repressed (data in **Supplemental** **Table 4**) using a mixed effects model separately for each response (PH, PCH, PNH, total Repression). Actinomycin D treatment was analyzed as a fixed effect, and chromosome and experiment (nested within chromosome) were treated as random effects. Except for PCH, which was not significant, the other outcomes were all significantly associated with treatment with *p* \< 10^−4^.

Genomic coverage statistics were analyzed using The Genomic HyperBrowser and Galaxy.[@cit0038]
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